Dohm. Impaired plasma fatty acid oxidation in extremely obese women. Am J Physiol Endocrinol Metab 287: E1076 -E1081, 2004. First published July 27, 2004 doi:10.1152/ajpendo.00177.2004.-Skeletal muscle from extremely obese individuals exhibits decreased lipid oxidation compared with muscle from lean controls. It is unknown whether this effect is observed in vivo or whether the phenotype is preserved after massive weight loss. The objective of this study was to compare free fatty acid (FFA) oxidation during rest and exercise in female subjects who were either lean [n ϭ 7; body mass index (BMI) ϭ 22.6 Ϯ 2.2 kg/m 2 ] or extremely obese (n ϭ 10; BMI ϭ 40.8 Ϯ 5.4 kg/m 2 ) or postgastric bypass patients who had lost Ͼ45 kg (weight reduced) (n ϭ 6; BMI ϭ 33.7 Ϯ 9.9 kg/m 2 ) with the use of tracer ([ 13 C]palmitate and [ 14 C]acetate) methodology and indirect calorimetry. The lean group oxidized significantly more plasma FFA, as measured by percent fatty acid uptake oxidized, than the extremely obese or weight-reduced group during rest (66.6 Ϯ 14.9 vs. 41.5 Ϯ 16.4 vs. 39.9 Ϯ 15.3%) and exercise (86.3 Ϯ 11.9 vs. 56.3 Ϯ 22.1 vs. 57.3 Ϯ 20.3%, respectively). BMI significantly correlated with percent uptake oxidized during both rest (r ϭ Ϫ0.455) and exercise (r ϭ Ϫ0.459). In conclusion, extremely obese women and weight-reduced women both possess inherent defects in plasma FFA oxidation, which may play a role in massive weight gain and associated comorbidities. gastric bypass surgery; palmitate oxidation; tracer methodology OBESITY IS A WIDESPREAD EPIDEMIC in many industrialized countries. Of particular concern is the direct impact that obesity has on the development of other comorbidities, including type 2 diabetes, hypertension, and cardiovascular disease. Not only is the rate of obesity increasing (from 13 to 27% in the last three decades), but the severity of obesity is increasing as well. Currently, 5% of the United States population is extremely obese, indicated as a body mass index (BMI) Ͼ 35, and this rate is continually rising (5). Unfortunately, as the severity or level of obesity increases, so does the risk of disease (7).
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Skeletal muscle plays an important role in utilizing lipids supplied to the circulation. Thus a defect in the ability of skeletal muscle to oxidize plasma fatty acids could lead to increased triglyceride storage in both adipose tissue and skeletal muscle. Intramuscular triglycerides and lipid metabolites (fatty acyl-CoA, diacylglycerol, and ceramide) are directly linked to insulin resistance in skeletal muscle (2, 21) . To examine why intramuscular triglyceride and lipid metabolites accumulate with obesity, we previously investigated fatty acid oxidation and lipid storage patterns with intact skeletal muscle strips obtained during surgery from normal-weight (BMI ϭ 23.8) and extremely obese (BMI ϭ 53.8) patients (11) . Muscle from extremely obese patients showed a significant decrease in palmitate oxidation compared with normal and overweight/ obese subjects. Our laboratory also investigated in vitro fat oxidation (muscle biopsy and homogenate technique) from normal-weight and extremely obese female subjects and found that muscle from the extremely obese subjects showed a significant decrease in both palmitate and palmitoyl carnitine oxidation (14) . In addition, carnitine palmitoyltransferase I (CPT I) and citrate synthase enzyme activities were negatively correlated with increased adiposity, suggesting that there is a lower mitochondrial oxidative capacity in muscle of extremely obese individuals. Therefore, we have observed a phenotype of depressed skeletal muscle lipid oxidation with extreme obesity; however, we did not know whether this also occurs in vivo.
The defect of lipid oxidation in intact skeletal muscle from extremely obese subjects shows that the severity of obesity is related to a depressed ability of skeletal muscle to readily handle lipids. These factors led us to question whether extremely obese individuals possess a phenotype of decreased lipid oxidation that contributes to becoming obese and whether this defect would still be present after massive weight loss. We measured plasma free fatty acid (FFA) oxidation via infusion and recovery of labeled [ 13 C]palmitate during both rest and exercise [50% of maximum oxygen consumption (V O 2 max )] in female subjects who were lean or extremely obese or had previously undergone gastric bypass surgery and had lost Ͼ45 kg and were weight stable. It was our hypothesis that the subjects who had undergone gastric bypass would oxidize FFA at a rate similar to the extremely obese and that both of these groups would have significantly lower rates of FFA oxidation than normal-weight subjects.
MATERIALS AND METHODS

Experimental design. Labeled [
13 C]palmitate and [ 14 C]acetate were infused for measurement of FFA oxidation and acetate recovery factor, respectively. Blood and breath samples were taken during 90 min of rest and 60 min of cycling exercise (50% of V O2 max) and measured for 13 C and 14 C enrichment, carbon dioxide production (V CO2), oxygen consumption (V O2), and plasma insulin, glucose, and nonesterified FFA in female subjects who were normal weight or extremely obese or had previously undergone gastric bypass surgery and lost at least 45 kg and were weight stable.
Human subjects. Twenty-three female subjects participated in this investigation: 7 normal-weight lean controls (lean; age 38.6 Ϯ 2.5 yr, BMI 22.6 Ϯ 0.9 kg/m 2 ), 10 extremely obese subjects (obese; age 38.9 Ϯ 2.0 yr, BMI 40.8 Ϯ 1.8 kg/m 2 ), and 6 subjects who had previously undergone gastric bypass surgery (weight reduced; age 45.3 Ϯ 1.8 yr, BMI 33.7 Ϯ 4.5 kg/m 2 ). BMI inclusionary criteria for the normal-weight and extremely obese subjects were Յ24.9 and Ն35 kg/m 2 , respectively. The postgastric bypass subjects were included if they met the following conditions: Ͼ1 yr since gastric bypass surgery, had lost at least 45 kg of body mass, and were weight stable. Subjects in all groups answered questionnaires ensuring that they were free of disease, were not taking medications known to alter metabolism, were not exercising on a regular basis, and were weight stable. This group of subjects has previously been well defined (9) . The experimental protocol was approved by the East Carolina University Medical Center Institutional Review Board, and informed consent was obtained from all subjects before any testing.
Preliminary exercise testing. Subjects underwent preliminary testing, which included measurements of body mass and height. Subjects were then tested for V O2 max and 12-lead electrocardiogram during an incremental exercise test on an electronically braked cycle ergometer (Lode; Excalibur Sport, Groningen, The Netherlands). V O2 was measured with a metabolic cart (True Max 2400; Parvo Medics, Salt Lake City, UT). The maximal exercise test was used to determine whether the subjects were sedentary as classified by V O2 max (19) as well as to prescribe the appropriate exercise intensity used in later testing.
Experimental protocol. Subjects entered the laboratory for the isotope infusion study at ϳ8:00 AM after fasting overnight (12 h). While subjects rested in a supine position, a Teflon catheter was inserted into the antecubital vein of one arm for infusion, and a sampling Teflon catheter was inserted into the contralateral dorsal hand vein, heated for sampling of arterialized venous blood. The subjects then rested for 15-20 min after catheter placement before blood and breath samples were collected to determine background isotopic abundance. ) (ICN Pharmaceuticals, Irvine, CA) with syringe pumps (Harvard Apparatus, Natick, MA), which was continually infused throughout the study. After the start of infusion, subjects remained rested in a bed for 90 min while serial samples of breath and plasma were collected at 15, 30, 45, 60, 70, 80, and 90 min. After the resting period, the infusion continued while the subjects immediately moved from a bed to a seat on a cycle ergometer (Lode; Diversified, Brea, CA). The subjects began exercising at a V O2 equal to ϳ50% of V O2 max for 60 min. Serial samples of breath and plasma were collected during exercise at 10, 20, 30, 40, 50, and 60 min for the analysis of plasma [
13 C]palmitate enrichment, palmitate concentration, total plasma FFA, glucose, and insulin. Breath samples were collected for determination of 13 CO2 carbon enrichment and 14 CO2 specific activity (SA). Breath was also collected for indirect calorimetry and exercise V O2 at ϳ5-min periods during all serial collection points.
Assays. Expired breath was collected from the outgoing ventilation of a metabolic cart into 15-ml Vacutainers (Becton Dickinson, Franklin Lakes, NJ) for analysis of breath 13 CO2 enrichment. The 13 CO2-to-12 CO2 ratio (tracer-to-tracee ratio) was measured by means of isotope ratio mass spectrometry (IRMS)-SIRA-II (VG Instrument, Cheshire, UK).
At the same time points, expired breath was collected in a 3-liter bag, and 14 CO2 carbon SA was determined with the use of a liquid scintillation counter as previously described (22) . Blood samples were collected in ice-chilled 6-ml Vacutainers containing K2-EDTA, and plasma was extracted after centrifugation. Plasma palmitate 13 C enrichment was determined by the following methods (27) . In short, FFA were extracted from plasma and then isolated with thin-layer chromatography and converted to methyl esters. The isotopic enrichment of palmitate-derived carbons in CO2 was determined by a gas chromatograph-combustion-IRMS (GC-C-IRMS) (Thermo-Finnigan MAT DeltaPlus equipped with a HP-6890 GC and a Finnigan GCC-III combustion/reduction interface; Thermo Finnigan; Bremen, Germany).
Plasma glucose and lactate concentrations were determined with a YSI model 2300 Stat Plus (Yellow Springs Instrument, Yellow Springs, OH). Plasma insulin and FFA were determined with immunoassay (Access Immunoassay System; Beckman Coulter, Fullerton, CA) and a nonesterified fatty acid (NEFA)-C test kit (no. 994-75409; Wako Chemicals, Richmond, VA). Homeostasis model assessment was calculated from fasting plasma glucose and insulin to assess insulin sensitivity (16) . The fractional contribution of palmitate to the plasma FFA pool was determined by gas chromatography (5730A gas chromatograph; Hewlett Packard, Palo Alto, CA) with heptadecanoic acid added to the plasma as an internal standard.
Calculations. Plasma palmitate and breath CO 2 enrichment ( 13 Cto- 12 C ratio) and breath SA ( The rate of appearance (R a) of palmitate in plasma [which is equal to the rate of disappearance (Rd) in steady-state conditions] was calculated as
where Fpalm is the palmitate tracer infusion rate, and Ep is the palmitate-derived CO2 carbon enrichment (tracer-to-tracee ratio) in plasma above the fasting baseline, corrected for the additional carbon added with methylation. FFA R a was calculated by dividing palmitate Ra by the ratio of palmitate in the plasma FFA pool, which equaled 0.23 for lean, 0.24 for extremely obese, and 0.23 for weight-reduced subjects.
Labeled CO 2 excretion resulting from the oxidation of [U- 13 
where ECO2 is breath 14 CO2 carbon enrichment (dpm/ml), V CO2 is exhaled CO2 (ml/min), SA is specific activity of infusate (dpm/ml), and FAC is the acetate tracer infusion rate (ml/min).
The oxidation rate of plasma FFA was calculated as plasma palmitate oxidation ϭ ͑labeled CO 2 excretion͒/͑E p ϫ AR ϫ 16͒
where the acetate correction factor equaled 0.22 at rest and 0.74 during exercise as averaged across all groups (due to early measurement errors, acetate correction factor was accurately measured in 4 lean, 6 extremely obese, and 4 weight-reduced subjects). We found no statistical differences measured between groups for acetate correction factor. Multiplication of the denominator by 16 accounts for uniformly labeled [U- 13 C]palmitate, which has 16 labeled carbons. Plasma FFA oxidation was determined by dividing the rate of oxidation of palmitate by the ratio of palmitate in the plasma FFA pool.
The percentage of labeled plasma FFA taken up by tissues and then oxidized was calculated as percent uptake oxidized ϭ ͑FFA oxidation/FFA R d ͒ ϫ 100.
Total lipid oxidation rates were calculated from indirect calorimetry with stoichiometric equations (6) . V O2 and V CO2 values were averaged from the collection periods at points equal to 70, 80, and 90 min of rest and 50 and 60 min of exercise. The oxidation rate of nonplasma fatty acids was calculated as the difference between total lipid oxidation (indirect calorimetry) and plasma FFA oxidation (tracer).
Statistical analysis. Statistical differences among the three groups were identified with a three-way ANOVA followed by Tukey's post hoc test where significance was found. Statistical differences measured from rest to exercise were identified with a repeated-measures two-way ANOVA and followed with a pairwise Student's t-test to identify within-group differences. A Pearson product-moment correlation was used to evaluate the relationship of BMI to plasma FFA kinetics. Results are reported as means Ϯ SE, and the level of significance was P Յ 0.05. All statistical analyses were performed with Statistical Package for the Social Sciences (v. 11.0; SPSS, Chicago, IL). Table 1 . BMI was significantly higher in the obese and weightreduced group than in the lean group, but no differences were found between the obese and weight-reduced groups. The weight-reduced group lost an average of 67.2 Ϯ 11.2 kg after gastric bypass surgery, which reduced their mean BMI from 59.5 Ϯ 5.2 to 33.7 Ϯ 3.8 kg/m 2 . Homeostasis model assessment was significantly higher in the obese compared with the lean or weight-reduced groups, respectively. The weight-reduced group was equally as insulin sensitive as the lean group, despite having a higher BMI.
RESULTS
Subject characteristics. Subject characteristics are found in
Exercise variables. The lean group had a significantly higher V O 2 max than the obese and weight-reduced groups, expressed per kilogram body weight, but no differences were found when V O 2 max was expressed in absolute terms ( Table 1 ). The lean, obese, and weight-reduced groups cycled at the same relative intensities (48 Ϯ 8 vs. 51 Ϯ 3 vs. 49 Ϯ 5% V O 2 max , respectively).
Plasma metabolite and hormonal concentrations. Plasma variables are displayed in Table 2 . The obese group had significantly higher plasma glucose levels at rest and exercise than the lean and weight-reduced groups. Plasma glucose significantly decreased from rest to exercise in the lean and obese groups, but no exercise response was measured in the weight-reduced group. Plasma insulin was significantly higher in the obese group than in the lean and weight-reduced groups at rest and during exercise. Only the lean group had a significant drop in insulin from rest to exercise. At rest, plasma NEFA levels were significantly lower in lean than in obese and showed a trend to be lower than in the weight-reduced group. There were no differences in plasma NEFA level among groups during exercise. No differences were measured in plasma lactate among groups, and all groups displayed a significant increase in plasma lactate from rest to exercise.
Plasma FFA kinetics and oxidation. Fatty acid kinetics and oxidation values are displayed in Table 3 . Total FFA R a per kilogram body weight tended to be higher in the obese group at rest (32 and 35%) and during exercise (32 and 32%) than in the lean or weight-reduced groups; however, statistical significance was not found (P ϭ 0.10 and 0.13). The extremely obese and weight-reduced groups oxidized 78 and 58% of the plasma FFA oxidized by the lean group at rest, respectively (P ϭ 0.12). During exercise, the extremely obese and weightreduced groups oxidized 85 and 61% of the plasma FFA oxidized by the lean group, respectively (P ϭ 0.18). The percentage of plasma FFA uptake oxidized (Fig. 1) demonstrates that both the obese (P ϭ 0.01) and weight-reduced (P ϭ 0.02) groups have a significantly reduced ability to oxidize plasma FFA at rest compared with the lean group. The obese (P ϭ 0.01) and weight-reduced (P ϭ 0.045) groups also display the same effect of decreased percent plasma FFA uptake oxidized compared with the lean group during exercise. When all subjects were grouped, BMI was negatively correlated with percent plasma FFA uptake oxidized during rest (r ϭ Ϫ0.455, P ϭ 0.02) and exercise (r ϭ Ϫ0.459, P ϭ 0.03). There were no differences between the extremely obese, weight-reduced, or lean groups for total lipid oxidation. All three groups significantly increased rates of total lipid oxidation from rest to exercise.
DISCUSSION
The major finding of this study is that extremely obese individuals and those who were previously extremely obese Values are means Ϯ SE; n ϭ 7 lean (L), 10 extremely obese (OB), and 6 weight-reduced (WR) subjects. FFA, free fatty acids. Significantly different from lean (*), weight reduced ( †), and rest to exercise ( ‡), P Յ 0.05. possess a decreased ability to oxidize plasma FFA compared with lean controls. This defect was measured via percent plasma FFA uptake oxidized during both basal and exercise (50% V O 2 max ) conditions.
In a whole body setting, the R a and availability of plasma FFA vary among individuals and will affect the rate of plasma fatty acid oxidation. It is our opinion that the best marker of whole body plasma FFA oxidation is the percentage of plasma FFA uptake oxidized, which controls for the amount of plasma FFA available to tissues. We believe that skeletal muscle is playing a primary role in the percent plasma FFA uptake oxidized. However, it is important to consider the impact of adipose tissue, as the obese group presumably had much larger adipose tissue stores than the other two groups. Because adipose tissue in the postabsorptive state can readily take up FFA for the synthesis and storage of triglycerides, there is competition for available FFA between nonoxidizing (adipose) and oxidizing (skeletal muscle) tissues. However, the same differences in percent plasma FFA uptake oxidized between groups were found during exercise, when available plasma FFA are taken up by contracting skeletal muscle and transport of FFA to nonoxidizing tissue is presumably low. We believe that the decrease in percent plasma FFA uptake oxidized in the obese and weight-reduced groups is due to a defective ability to oxidize plasma FFA taken up by skeletal muscle.
Previous work from our laboratory (11, 14) examined in vitro lipid metabolism in skeletal muscle from extremely obese and lean individuals. Using both homogenate and intact muscle techniques, we found that skeletal muscle from extremely obese individuals displayed a decreased ability to oxidize palmitate compared with muscle from lean subjects. In addition, BMI negatively correlated with rates of palmitate oxidation. This led us to conclude that a defect in skeletal muscle lipid oxidation occurred during cases of extreme obesity.
In another study from our group (9), we measured whole body substrate oxidation (indirect calorimetry) in weight-reduced women (BMI ϭ 34.8 kg/m 2 ; similar to the weightreduced subjects presented in this study) who were previously extremely obese and another group of women with matching body weights (BMI ϭ 33.8 kg/m 2 ). The weight-reduced group had higher respiratory exchange ratio values and lower utilization of lipids during exercise compared with the weightmatched group (9) . This led us to hypothesize that the weightreduced group possessed an inherent defect in lipid metabolism and that this defect contributed to their development of extreme obesity. However, that study had limitations, as it lacked the comparison of a group of subjects who were currently extremely obese and did not use tracer methodology in combination with indirect calorimetry. The work presented here demonstrates that extremely obese subjects and weight-reduced subjects possess similar defects in plasma FFA oxidation, but we did not find differences in total lipid oxidation as measured by indirect calorimetry.
Kelley et al. (13) measured substrate oxidation with indirect calorimetry across the leg in obese and lean men and women and found results supportive of the work presented here. Obese subjects had suppressed lipid oxidation (elevated respiratory quotient) and suppressed skeletal muscle CPT I activity and oxidative enzyme activity compared with the lean subjects. They measured the same variables in a sample of individuals after weight loss (reduction of ϳ14 kg body mass) and found that fatty acid oxidation was still suppressed, whereas CPT I activity had not changed and oxidative enzyme activity had lowered. Goodpaster et al. (8) measured fatty acid oxidation via tracer methodology in obese and lean men during moderate-intensity exercise and found similar results. Their obese subjects demonstrated a trend for lower plasma fatty acid oxidation per kilogram of fat-free mass and significantly lower percentages of plasma FFA uptake oxidized compared with lean subjects, but the major finding reported in their study was that the obese group oxidized significantly more (50%) nonplasma FFA than the lean group. In another study, Mittendorfer et al. (17) measured lipolysis and oxidation of FFA in lean, overweight, and obese men during 90 min of exercise and found that, as percent body fat increased, there was a decrease in the oxidation of plasma FFA and an increase in the oxidation of nonplasma FFA. Our obese and weight-reduced groups also oxidized more nonplasma lipids at rest (ϳ50%), but only ; n ϭ 7 lean, 10 extremely obese, and 6 weight-reduced subjects. Ra, rate of appearance; RER, respiratory exchange ratio. ‡Significantly different from rest to exercise, P Յ 0.05. slightly higher during exercise (ϳ15%), and neither was statistically significant.
The data presented here conflict with some previous reports showing no differences (23, 26, 29) or greater rates of lipid oxidation in obese subjects compared with lean individuals (4, 10, 12) . The disparities may be a result of different factors. First, the degree of adiposity or BMI was higher in our extremely obese group than in the obese subjects studied in previous studies, and although our weight-reduced group had a BMI similar to that of the obese groups from other studies, they had been previously extremely obese and may therefore possess a distinct phenotype. Differences between genders are another possible factor, as many of the previous studies were conducted in men. We are not aware of a study that has compared FFA oxidation between obese men and women by use of tracer methodology, although there is evidence that substrate utilization is different between normal-weight men and women (1, 18) .
V O 2 is an important determinant in the ability to oxidize lipids during exercise. We found that V O 2 max significantly correlated with percent plasma FFA uptake oxidized during exercise (r ϭ 0.51, P ϭ 0.015). Earlier studies (8, 10) compared fatty acid oxidation between groups of lean and obese subjects who were matched for V O 2 max . Although we did not purposely match our groups on the basis of V O 2 max , we found no differences in absolute V O 2 among our three groups. The relative V O 2 max was significantly lower in the extremely obese and weight-reduced groups than in the lean, but because the exercise was performed on a cycle ergometer, we believe absolute V O 2 max is the appropriate comparison.
Other investigators have reported plasma FFA oxidation expressed per kilogram of fat-free mass; however, the data reported here are expressed per kilogram of body mass. As reported in a recent study (3) , it is difficult to accurately assess body composition in extremely obese individuals, as traditional methods (hydrostatic weighing and dual-energy X-ray absorptiometry) are inaccurate or impractical for extremely obese patients (3) . Because of this, we did not measure body composition in this study. However, the study of Das et al. (3) measured body composition in extremely obese and weightreduced subjects who had body weight and BMI similar to those of the subjects from our study. To ensure that our measurements would hold true when expressed per fat-free mass, we extrapolated their measurements for percent body fat to our subjects and found that the data (not shown) displayed the same relationships when expressed per fat-free mass as they did when expressed per kilogram body weight. Figure 2 shows the current data alongside those of our previous in vitro study (11) (all data are expressed as percentage of FFA oxidation for the control nonobese group). Figure  2 demonstrates that a similar decrement in FFA oxidation is found with both in vitro skeletal muscle incubations and in vivo tracer methodology. As stated earlier, we have shown that previously extremely obese women have reduced lipid utilization during exercise compared with healthy women of the same BMI. Therefore, the weight-reduced group (BMI ϭ 33.7 kg/ m 2 ) seems to possess different characteristics than obese subjects with a similar BMI level. The weight-reduced group in this study had a BMI before surgery of 59.5 Ϯ 5.2 kg/m 2 and a mean body weight loss of 67.2 Ϯ 11.2 kg, which is similar to the surgery-induced weight loss in other studies (9, 20, 28 ).
There are existing data demonstrating that some individuals in a positive energy balance possess a body weight set point where they become overweight/obese, whereas others gain excessive amounts of weight and become extremely obese (15) . The data we have collected, in vitro and in vivo, demonstrate that the development of extreme obesity could be related to a reduced ability to oxidize plasma fatty acids. Of great interest would be the ability to assess fatty acid oxidation in the preobesity condition; however, this would take a large prospective study design.
One possible explanation for depressed plasma FFA oxidation seen in extreme obesity is the composition of skeletal muscle fibers. Our group has previously shown (25) that obese individuals posses more type II nonoxidative muscle fibers and fewer type I oxidative muscle fibers than lean controls. When gastric bypass patients are followed after surgery, the percentage of type I skeletal muscle fibers positively correlated with the amount of total weight lost over time. A study by Sun et al. (24) overfed young men for a long period and found that the amount of body fat gained was inversely proportional to the amount of type I muscle fibers and directly proportional to the amount of type II muscle fibers. Therefore, skeletal muscle fiber composition, which is primarily controlled by genetic factors, most likely plays a part in the suppressed plasma FFA oxidation found with extreme obesity.
In conclusion, extremely obese and weight-reduced women possess a defect in plasma FFA oxidation as measured by percent plasma FFA uptake oxidized. Although we have not measured FFA oxidation in the preobese state, we believe that suppressed plasma FFA oxidation plays a strong role in the advent of extreme obesity and its related comorbidities.
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